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Abstract
I give a short report on the semi-analytical approach to off-shell W pair pro-
duction. In particular, I show the effects of irreducible background diagrams of the
CC11 class in the differential cross-section. Further, I study the influence of potential
anomalous couplings at a future linear collider and investigate the sensitivity of the
forward-backward asymmetry to anomalous couplings.
1Talk given at the XIIth International Workshop on High Energy Physics and Quantum Field Theory,
4–10 September 1997, Samara, Russia
1 Introduction
Since the start of LEP2 in 1996 the production ofW pairs in e+e− annihilation is observed
in the process e+e− →W+W− → 4f [1, 2, 3, 4]. This offers a good possibility to measure
the mass and the couplings of the W boson [5, 6, 7, 8]. In this context, it is also a good
probe of the standard model predictions for non-Abelian gauge couplings and one way to
find new physics.
Additionally, the high energy and high luminosity of a future linear collider will deliver
a good basis for a precise determination of anomalous couplings [9]. However, at a future
collider, with a center-of-mass energy of 500 GeV or more, the process of W pair produc-
tion is also regarded as a large background for particle searches and should be known as
exactly as possible.
Therefore, it is inevitable to take certain corrections into account. The finite width of
theW bosons [10], irreducible background processes [11, 12], and radiative corrections [13,
14, 15, 16, 17, 18, 19] must be considered.
To make theoretical predictions for the cross-section, a semi-analytical approach [12,
20, 21] is advantageous in two ways. First of all, semi-analytical programs, like the Fortran
program GENTLE [22], allow a fast and precise prediction of total and differential cross-
sections. This can be used directly in the analysis of data2. On the other hand, the
precise predictions of a semi-analytical calculation can be used to test the reliability of
the various existing Monte Carlo programs [23, 24].
In section 2, I study the background effects for processes of the CC11 class, which is
defined by the final state fermions:
– CC09: (µν¯µ, τ¯ ντ )
– CC10: (µν¯µ, d¯u), (µν¯µ, s¯c), (τ ν¯τ , d¯u), (τ ν¯τ , s¯c)
– CC11: (du¯, s¯c)
and their charge conjugates. A more detailed description of the classification scheme for
four fermion production can be found in [12]; see also [23].
The non-Abelian gauge structure of the standard model was subject of theoretical
interest for many years and a general expression for the three-gauge boson couplings was
developed in 1979 [25]. Potential new physics was parameterized in an effective theory
with anomalous couplings [26]. The current limits for the couplings from the LEP2
measurement are [27]:
αBφ = 0.45
+0.56
−0.67
αWφ = 0.02
+0.16
−0.15 (1)
αW = 0.15
+0.27
−0.27
A definition for the parameters in (1) is given in section 3. There, I study also the potential
for measuring anomalous couplings at a future linear collider.
2GENTLE was used e. g. in the search for anomalous couplings [3].
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2 The Differential Cross-Section for CC11:
The semi-analytical results for the total cross-section for e+e− →W+W− → 4f including
the background of the CC11 class are presented and discussed in detail in [21]. The
differential cross-section for the CC03 process, i. e. only the signal diagrams, is also given
there.
Here, I will shortly sketch the results for the differential cross-section.
I write the threefold differential cross-section at a center-of-mass energy squared s as
follows:
d3σ
ds1ds2d cos θ
=
√
λ
πs2
∑
k
Ck · Gk(s, s1, s2, cos θ) (2)
with
λ = λ(s, s1, s2) = s
2 + s21 + s
2
2 − 2ss1 − 2ss2 − 2s1s2 (3)
The invariant masses of the produced fermion pairs are s1 and s2.
In (2) I introduced the coefficient functions Ck and the kinematical functions Gk. While
the Ck’s are trivial and contain only the coupling constants and the s-channel propagators,
the Gk’s describe the kinematics of the process and depend on cos θ. All Ck’s and Gk’s for
the CC11 class will be presented in [28].
To include the effects of initial state radiation using the structure function approach
the Born cross-section is convoluted with two structure functions D(x) [29, 6]. I have to
change eq. (2) to
d3σ
ds1ds2d cos θlab
=
∫
dx+
∫
dx−D(x+)D(x−)
∑
i
∣∣∣∣∣ ∂ cosθi∂ cosθlab
∣∣∣∣∣ d
3σ
ds1ds2, d cos θi
. (4)
Because of the radiation of photons, the electron and the positron change their energy
and momentum. This leads to a Lorentz boost and the scattering angle in the center-
of-mass system of the W bosons is shifted compared to the scattering angle measured in
the detector. In the calculation I correct this by a transformation of the angles. Since
the transformation is not always unique, the number of solutions depends on x− and x+.
This is reflected in the sum over i.
Note, that for a bin-wise integration of (4) the relatively complicated Jacobean can be
substituted by a transformation of the bin limits. This allows an analytical integration
over cos θ.
As an application I study the different background effects for the various final states
of the CC11 class in fig. 1. They are shown for a center-of-mass energy of 190 GeV as
the ratio of the cross-section calculated for signal plus background diagrams over the
cross-section of signal diagrams only.
Although the final state fermions have different coupling constants and there are even
different numbers of diagrams for the CC09, CC10, and CC11 processes, the effects due to
the irreducible background are almost the same.
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Figure 1: The ratio of background to signal processes in Born approximation.
3 Anomalous Couplings
Since 1979 there was much attention to the subject of anomalous couplings, see for ex-
ample [25, 26, 30, 31, 32, 33, 34, 35]. As a recent overview [8] might be useful.
To introduce anomalous couplings into the calculation I add three terms to the stan-
dard model Lagrangian. The new terms are operators of dimension 6 and conserve both
C and P. They are [8]:
∆L = g′αBφ
m2W
(DµΦ)
†Bµν (DνΦ)+g
αWφ
m2W
(DνΦ)
†−→τ ·−→W µν (DνΦ)+g
αW
6m2W
−→
W
µ
ν ·
(−→
W
ν
ρ ×
−→
W
ρ
µ
)
(5)
In the unitary gauge these operators lead to the following effective Lagrangian for the
WWV vertex:
LWWVeff = igWWV
[
gV1
(
W+µνW
−µ −W+µW−µν
)
V ν + κVW
+
µ W
−
ν V
µν +
λV
m2W
W+νµ W
−ρ
ν V
µ
ρ
]
,
(6)
where V can be a γ or a Z.
Electromagnetic gauge invariance requires gγ1 = 1.
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For the WWZ vertex, I add also the term
LZ = − ezZ
m2W
∂αZˆρσ
(
W+α
↔
∂ρ W−σ −W+σ
↔
∂ρ W−α
)
(7)
with
Zˆρσ =
1
2
ǫρσαβZ
αβ. (8)
This coupling is odd under both C and P transformation, therefore it is invariant under a
CP transformation.
In the standard model, we have κγ = κZ = g
Z
1 = 1 and λγ = λZ = zZ = 0.
With the couplings κγ and λγ the magnetic dipole moment and the electric quadrupole
moment of the W are [36]:
µW =
e
2mW
(1 + κγ + λγ) (9)
qW = − e
m2W
(κγ − λγ) (10)
It is useful to choose a different set of anomalous couplings in which all of the anoma-
lous parameters vanish in the standard model. This is done with the transformation [8]:
xγ = κγ − 1 xZ = (κZ − 1) cot θW − δZ
yγ = λγ yZ = λZ cot θW
zZ = zZ δZ = (g
Z
1 − 1) cot θW
(11)
The effects of the anomalous couplings defined in (11) are shown in fig. 2. To give an
impression of the relative change in the cross-section the ratio σANO/σSM is plotted. The
curves demonstrate nicely the sensitivity of the differential cross-section to anomalous
couplings for large scattering angles, i. e. cos θ < 0.
In addition, the plots in fig. 2 are suitable for comparisons with output of Monte Carlo
event generators. For 190 GeV the GENTLE results were in excellent agreement with the
data published in [34] and for an energy of 500 GeV a comparison with the Monte Carlo
program WOPPER [37] was also successful.
Of course, it is also worthwhile and more realistic3 to study several couplings simulta-
neously. In fig. 3 I simulate the discriminative power of the forward-backward asymmetry
to detect anomalous couplings. For a more detailed description of this analysis see [39].
The two rings shown in each picture correspond to the cross-section measured in the
range −1 < cos θ < 0 (backward) and 0 < cos θ < 1 (forward). The rings represent the
allowed region for a pair of anomalous couplings, if we assume that the standard model
cross-section is measured.
3There is absolutely no reason why only one of the anomalous parameters in (11) should appear in
Nature. To decrease the number of new parameters it is more natural to require additional constraints
for the operators in eq. (5), like in the ”HISZ scenario” [31, 38], where αBφ = αWφ is assumed.
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Figure 2: Ratio of cross-sections at
√
s = 500 GeV. Only one parameter differs from 0 in
each figure.
Although the statistics for forward scattering is much higher4, the narrow rings, which
give more stringent limits, correspond to the measurement of the backward cross-section.
This proves again the strong influence of anomalous couplings in the region of backward
scattering [30].
Fig. 3 shows also that the allowed regions do not overlap so much, if the parameter zZ is
non-vanishing. It is not surprising that parity violating couplings are stronger constrained
by the forward-backward asymmetry than parity conserving couplings.
4At 500 GeV about 94% of the produced W bosons go into the forward direction.
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Figure 3: 1σ-bounds at 500 GeV for L = 50fb−1.
4 Conclusions
I discussed some problems in connection with the use of W pair production at a linear
collider in the search for new physics. Especially in the region of backward-scattering,
anomalous couplings have a strong effect. However, only if precise predictions for the
cross-sections exist, there is a chance to find deviations of the standard model.
To achieve such a high precision semi-analytical programs are useful. With the capabil-
ity to produce bin-wise integrated cross-sections and to consider the effects of anomalous
couplings, GENTLE provides a good base for comparisons with Monte Carlo event genera-
tors.
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